The perioperative period is characterized by profound changes in the body's homoeostatic processes. This review seeks to address whether epigenetic mechanisms may influence an individual's reaction to surgery and anaesthesia. Evidence from animal and human studies suggests that epigenetic mechanisms can explain many facets of susceptibility to acute and chronic pain, making them potential therapeutic targets. Modern pain management is still based upon opiates, and both the developmental expression of opioid receptors and opioid-induced hyperalgesia have been linked to epigenetic mechanisms. In general, opiates seem to increase global DNA methylation levels. This is in contrast to local anaesthetics, which have been ascribed a global demethylating effect. Even though no direct investigations have been carried out, the potential influence of epigenetics on the inflammatory response that follows surgery seems a promising area for research. There is a considerable body of evidence that supports the involvement of epigenetics in the complex process of wound healing. Epigenetics is an important emerging research topic in perioperative medicine, with a huge potential to positively influence patient outcome.
proposed both as a biomarker (Teschendorff et al., 2010) and as a therapeutic target (Navada et al., 2014) . Epigenetics help explain why events early in life exert profound influences on how the body will react to a similar stimulus years or even decades later (Martin et al., 2010) . Also, epigenetic traits are heritable, meaning that alterations in an epigenetic signature and the corresponding phenotype can sometimes be discerned generations later. One of the prototype scenarios is that of the Dutch Famine Winter of 1944-1945, a severe exogenous stressor that led to periconceptional epigenetic changes that are still detectable now, 60 years later (Heijmans et al., 2008) . Therefore a strong, specific or persistent enough stressor has the potential to change epigenetic markers and influence body function for years, decades and potentially in coming generations.
The perioperative period in modern medicine is unique. Surgical and anaesthetic techniques, however refined they may be, still impose considerable stress on the human body. But patient monitoring is more comprehensive and provides more safeguards than ever before, while there are countless, continuous interventions to improve outcome. Antibiotics, pain killers, hypnotics, muscle relaxants, anti-emetics, haemostatic drugs, vasopressors, inotropes and local anaesthetics are examples of drugs given preoperatively, often simultaneously. Drugs are not only given in the operating room; many of these drugs are administered for days after surgery. Given the profound physiological changes elicited by surgery and anaesthesia, we will explore whether surgery or anaesthesia may influence epigenetic signatures and so modify short-and long-term outcomes, and whether epigenetic risk factors may, at least in part, determine an individual's reaction to surgery (Bain and Shaw, 2012; Naguib et al., 2012) .
This review focuses on some research fields within epigenetics that relate to the perioperative period, including susceptibility to acute and chronic pain, the effects of opiates and local anaesthetics, and potential epigenetic roles in the stress response to surgery, wound healing, and cancer recurrence (Figure 1 ).
Pain
Despite many advances in pain research, outcome after surgery is still bad for patients in many acute and chronic categories (Kehlet et al., 2006; Correll et al., 2014) . Especially after prototype surgeries such as amputation and thoracotomy, between 50 and 80% of patients suffer from chronic pain. The prevalence of phantom pain following surgical amputation is high. A recent study confined to patients undergoing lower limb amputation for peripheral vascular disease reported phantom limb pain in 79% of patients (Richardson et al., 2006) . Other survey data describe figures of around 75% (Kern et al., 2009) . For amputations incurred during wartime, reports from the U.S. Department of Veteran Affairs cite similar numbers (72-76%) (Reiber et al., 2010) . The reason why some patients develop ongoing pain and in others the pain resolves is still unknown. However, part of this risk is very likely to be genetic. Acute pain thresholds, in contrast to chronic pain levels, are less genetically determined (with estimated heritability scores of 22-55%) (Norbury et al., 2007) . In contrast, mono-versus di-zygotic twins studies show a heritable component to the risk of developing persistent pain of up to 60% (Nyman et al., 2011) . Such data clearly suggest a genetic predisposition for those who develop chronic pain following a precipitating incident, such as limb amputation and attendant nerve damage, and some preliminary insights have been gained. For example, the incidence of phantom pain post-limb amputation in
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Summary of the main epigenetic mechanisms relevant for the perioperative period with green and blue colours designating experimental and human studies respectively. Chemokine CCL7; ; TRPA1 ion channel; prolif, proliferation.
Israeli war veterans ranges from 56 to 78%, depending on the genotype of the patient at one single-nucleotide polymorphism (SNP) in KCNS1 (rs734784, P = 0.0001). In addition the haplotype of KCNS1 identified by this SNP was also associated with pain outcome in five out of six human populations tested (overall P value of association with higher pain risk = 1.14 E-08) (Costigan et al., 2010) . However, in addition to genetic factors, which may determine baseline risk, epigenetic factors are increasingly seen as important in the transition from acute to chronic pain (Buchheit et al., 2012) . This field of research was initiated by animal studies demonstrating an association of chronic pain with the epigenetic modification of specific genes. Zhang and colleagues investigated epigenetic contributions to the development of chronic pain in complete Freund's adjuvant injection and spinal nerve ligation. Here it was shown that, after induction of persistent inflammatory and neuropathic pain, the expression of GAD65 was epigenetically suppressed by histone hypoacetylation, decreasing inhibition in the GABA synaptic pathway. Conversely, inhibition of histone deacetylase increased GAD65 activity, led to normalized GABA transmission, and ultimately resulted in less sensitivity to pain. This effect was absent in mice knocked out for the gene encoding GAD65 (Zhang et al., 2011) . In a model of partial sciatic nerve ligation, Imai and colleagues demonstrated IL-6-dependent demethylation of the H3 histone at Lys 27 , resulting in an increased expression of the chemokine CCL7 (MCP3) in glial cells. They hypothesized that this interaction would promote neuron-glial interactions, determining chronic neuropathic pain (Imai et al., 2013) .
A study by Tajerian and colleagues probably has the most far-reaching implications. They demonstrated altered DNA methylation in the prefrontal cortex, in a mouse model of peripheral nerve injury associated with persistent neuropathic pain (Tajerian et al., 2013) . This study showed that the consequences of peripheral nerve injury reach far into the CNS. Notably, animals that received environmental enrichment therapy to alleviate pain showed a resolution of epigenetic alterations in parallel with decreases in pain behaviour. Another facet of epigenetic involvement in pain syndromes is the fact that epigenetic traits are heritable. In the case of stress-induced visceral hypersensitivity, the epigenetic methylation signature associated with this experimental irritable bowel disease could still be detected in offspring two generations later (van den Wijngaard et al., 2013) .
In humans, increased DNA methylation levels in peripheral blood leukocytes have been linked to the severity of chronic pain in patients on long-term treatment using potent opioids (Doehring et al., 2013) . A recent investigation in monozygotic twins found that the degree of heat pain sensitivity correlated with the methylation status of the gene that encodes the TRPA-1 ion channel (Bell et al., 2014) . This ion channel transforms thermal stimuli into heat pain (Julius, 2013) . To explain the complex susceptibility and resilience to developing chronic pain, the concept of pain vulnerability has been proposed by Denk and co-authors, linking genetic and epigenetic risk factors (Denk et al., 2014) .
In conclusion, epigenetic mechanisms seem to explain many facets of acute and chronic pain susceptibility. However, further work needs to be done to explain the detailed role of perioperative factors.
Perioperative opiates
Opiates are a fundamental component of perioperative analgesic regimens, and one of the oldest classes of drugs in existence. They can be subdivided into drugs with differential affinity for one of four major receptor families, that is μ, κ, δ or nociceptin receptors (Chiou et al., 2004; Pasternak, 2004) , all belonging to the family of GPCRs.
The expression of μ opioid receptors is specific to cell type, localization and developmental stage (Pasternak and Pan, 2013) . There are several regions in the CNS associated with high levels of μ opioid receptor mRNA, such as the periaquaeductal gray, locus coeruleus and the raphe magnus. Among the somatosensory regions, μ opioid receptor mRNA is abundant in the dorsal horn and dorsal root ganglia, the spinal trigeminal, ambiguus and tractus solitarii nuclei, and the thalamus (Pasternak and Pan, 2013 ). Hwang and colleagues have shown that epigenetic factors mediate the expression of μ opioid receptors according to developmental stage. Specifically, P19 embryonic carcinoma cells showed hypermethylation in the proximal promoter region of the gene encoding for this receptor, associated with gene silencing. In contrast, the promoter was unmethylated, and the gene stably expressed when differentiation into mature neuronal/astrocyte cells was induced with retinoic acid (Hwang et al., 2007) . At the same time, differentiation led to decreased methyl-CpG-binding protein 2 (MeCP2) binding in the promoter region of the gene for μ opioid receptors (Hwang et al., 2007) . MeCP2 binds to methylated DNA regions and causes histone deacetylation, with subsequent compacting of the histone complex and decreased transcription (Nan et al., 1998) . Therefore, both DNA methylation and histone modification contribute to regulating μ-opioid receptor expression.
Clinically, μ opioid receptor agonists, with morphine as their prototype compound, have remained the most relevant subgroup of opiates. Opiates are indispensable in modern perioperative medicine, but recent research has shown that multimodal pain treatment using several different classes of drugs can decrease the amount of opiates administered, and adverse effects (McCarthy et al., 2010) . The most important opiate side effects are nausea, vomiting, and bowel paralysis (Sharma and Jamal, 2013) , suppression of the respiratory drive (Naso- Kaspar et al., 2013) , and opioid-induced hyperalgesia (OIH) (Bekhit, 2010) .
Hyperalgesia induced by opiates is a clinically relevant phenomenon seen after both short-and long-term administration of opiates. The risk of inducing chronic hyperalgesia seems to vary with the opiate used, and is assumed to be highest for remifentanil (van Gulik et al., 2012) , while the partial μ receptor agonist and κ receptor antagonist, buprenorphine has even been associated with an antihyperalgesic effect (Pergolizzi et al., 2010) . OIH is prevented by the administration of the NMDA receptor antagonist, ketamine (Laulin et al., 2002) . Mechanisms conjectured in animal and human studies include NMDA receptor activation, cholecystokinin, NO and neuroinflammation, with the end result of a change in gene expression, and adaptations in nociceptive systems (Bekhit, 2010 ). Liang and colleagues were able to demonstrate in mice that inhibition of the histone acetyltransferase in the presence of morphine reduced signs of OIH, while histone deacetylase inhibition exaggerated OIH (Liang et al., 2013) . In a recent clinical study, methylation analysis was undertaken in patients who had undergone methadone substitution following heroin addiction, patients receiving potent opiates for chronic pain, and age-matched controls. In the leukocytes of patients treated with various opioids, there was a global increase of DNA methylation at (LINE-1) and also a specific increase of methylation at the μ opioid receptor 1. Interestingly, a positive correlation was described between the methylation levels and pain intensity in patients treated with opiates, but not in patients in control groups receiving other pain medications (Doehring et al., 2013) . It should be kept in mind, however, that the opiates constitute a heterogeneous group of drugs with distinct physicochemical properties, and the epigenetic effects of many opiates widely used perioperatively, such as tramadol (Scott and Perry, 2000) , have not been investigated.
In conclusion, opiates remain of paramount importance in perioperative pain treatment. Both the developmental expression of the μ opioid receptor, and pathological hyperalgesia are mediated, at least in part, by epigenetic mechanisms. In general, opiates seem to increase global DNA methylation levels. This is in contrast to another group of perioperative drugs -the local anaesthetics.
Local anaesthetics
Just like the opiates, local anaesthetics are integral to perioperative medicine. They are a heterogeneous group of compounds characterized by the ability to block voltage-gated sodium channels, leading to distal anaesthesia and/or analgesia. For more than a hundred years, local anaesthetics have been used to provide neuraxial or peripheral anaesthesia and analgesia. However, recent research has shown that a substantial share of the effects of regional anaesthesia is due to systemic effects secondary to resorption from the site of injection (Lirk and Hollmann, 2013) , and i.v. administration of, for example, lidocaine can replicate some effects of epidural anaesthesia (Herroeder et al., 2007) . Specifically, some trials with local anaesthetics have demonstrated antinociceptive properties (Koppert et al., 2004) , anti-inflammatory effects suppressing virtually every step of the inflammatory cascade (Hollmann and Durieux, 2000) and a reduction in perioperative hypercoagulability without inducing a clinically relevant bleeding risk (Hollmann et al., 2001) .
Two studies have demonstrated the epigenetic effects of local anaesthetics. In breast cancer cells in vitro, the prototype local anaesthetic, lidocaine, induced demethylation of DNA as shown by MethyLight assays in a time-and concentrationdependent manner (Lirk et al., 2012) . These effects were more prominent in BT-20 oestrogen receptor-negative cells than in MCF-7 oestrogen-receptor positive cells, as BT-20 cells featured baseline methylation levels 100-fold higher than MCF-7 cells, and were observed at clinically relevant concentrations as seen during epidural anaesthesia (Fukuda et al., 2003) or i.v. administration of lidocaine (Sun et al., 2012) . In a subsequent study, it was found that these effects could also be observed with another local anaesthetic ropivacaine, but not with bupivacaine. Also, there were no supra-additive effects when treatment was combined with the classic demethylating drug, 5-aza-2′-deoxycytidine (Lirk et al., 2014) . The mechanism of demethylation remains unclear for contemporary amide-type local anaesthetics such as lidocaine, but research on ester-type local anaesthetics, a related group of drugs, showed that procaine had an inhibitory effect on DNA methyltransferase 1, the enzyme responsible for the maintenance methyltransferase activity of the cell (Castellano et al., 2008) .
These results are of potential interest for the development of chronic pain and cancer medicine. While opiates lead to increased methylation correlating with increased levels of pain suffering (Doehring et al., 2011) , local anaesthetics have the potential to induce global DNA demethylation (Lirk et al., 2012) , and may thereby protect against the development of hyperalgesia. Clinically, some studies have described an antinociceptive effect of local anaesthetics (Koppert et al., 2004) , but others have found no clinically relevant effects (Herroeder et al., 2007; Martin et al., 2008) . Whether perioperative anaesthetic technique can influence cancer recurrence after surgery remains fiercely debated, and most long-term studies are projected to last until the end of the decade because of long follow-up periods (Snyder and Greenberg, 2010) . In this context, the therapeutic-demethylating levels of local anaesthetics in the perioperative setting may be of potential benefit, but the direct clinical relevance remains to be tested.
In conclusion, local anaesthetics are frequently administered perioperatively, and in contrast to opiates, they have a global DNA demethylating effect. This effect is of potential interest in the development of chronic pain and perioperative cancer medicine.
Perioperative inflammation
As part of an ancient evolutionary response, surgery is accompanied by a complex reaction referred to as 'surgical stress response'. This response shares substantial similarities with traumatic or burn injury, and is primarily mediated by the hypothalamic-pituitary axis leading to the release of stress hormones such as cortisol, growth hormone and vasopressin (Finnerty et al., 2013) . It encompasses a wide variety of inflammatory, immune, hormonal and genomic responses (Finnerty et al., 2013) . The expression of inflammatory genes is regulated by epigenetic factors such as histone acetylation (Barnes, 2013) . This type of histone modification can be recognized by the highly conserved bromodomain motif of several epigenetic proteins. Low MW inhibitors of these bromodomains, such as JQ1, can inhibit the transcription of cytokines from mouse macrophages and protect against lipopolysaccharide-induced death (Belkina et al., 2013) . Not only histone acetylation, but also histone methylation regulates the expression of inflammatory genes. Thus, histone methylation can reduce TNF release from human macrophages in vitro. The classic local anaesthetic, lidocaine, which has been shown to demethylate DNA, has very strong anti-inflammatory properties (Herroeder et al., 2007) , but any causal role by epigenetic regulatory mechanisms has not yet been directly investigated.
Even though no direct investigation has been carried out, the potential influence of epigenetics on the inflammatory response that follows surgery seems a promising research area.
Wound healing
The repair of surgical wounds is a complex adaptive process where initial fibrogenesis leads to the formation of a scar, which is subsequently replaced by healthy and appropriate cells (Mann and Mann, 2013) . Using bone healing as experimental paradigm, Bais and colleagues demonstrated the complex temporal sequence of transcriptome changes during healing, involving more than 300 genes (Bais et al., 2009) . This confirms previous investigations that demonstrate the involvement of epigenetic mechanisms in the induction of wound healing (Shaw and Martin, 2009) . Also, the migration of human cells, critical for wound healing, is regulated by epigenetic mechanisms, including the histone deacetylase 7 (Zheng et al., 2012) . Epigenetics provides a basis to explain how certain disease states can negatively influence wound healing. For example, long-standing diabetes can impair physiological wound healing by decreasing the expression of the enzyme dicer, a pro-angiogenetic molecule, in a mouse model of type 2 diabetes. Similarly, the proliferation of keratinocytes, key to re-epithelialization of wound surfaces, is regulated by epigenetic factors (Rafehi et al., 2011) . Moreover, alcoholics have a higher risk of nonunion after bone fractures, and this has been linked to epigenetic changes affecting cell migration, proliferation and differentiation (Sampson et al., 2011) . Zeybel and co-workers investigated whether these epigenetic traits might be handed down through generations, and in a rat model of liver damage, they found that the fibrogenic component of liver damage was still alleviated in the first-and secondgeneration offspring after ancestral chronic liver injury induced by carbon tetrachloride (Zeybel et al., 2012) . Lastly, epigenetics provides a therapeutic approach to regulating wound healing, for example by selectively targeting the promoter activity of relevant genes using oligodeoxynucleotides (Cutroneo and Chiu, 2000) .
In conclusion, epigenetic mechanisms govern physiological wound healing, while the epigenetic side effects of diseases such as diabetes and alcoholism may explain erroneous wound healing. Therefore, epigenetics has been suggested as a therapeutic strategy to control wound healing.
Perioperative epigenetics and tumour recurrence
The perioperative period has long been recognized as a vulnerable time frame during which tumour progression and metastasis is often accelerated (Coffey et al., 2003) . Indeed, some small and retrospective trials have demonstrated improved patient survival and disease-free intervals when regional anaesthesia was used for cancer surgery (Schlagenhauff et al., 2000; Exadaktylos et al., 2006) . Several experimental studies support this assumption. In a landmark experiment, growth in a tumour cell line was halted in vitro when incubated with serum taken from patients undergoing surgery under regional anaesthesia, but no effect was observed when serum from patients given general anaesthesia was applied (Deegan et al., 2009) . At this moment, several large-scale, multicentre, randomized and controlled trials are under way to investigate any beneficial effects of regional anaesthesia in tumour surgery, but they are projected to last until the end of the decade because of long follow-up times (Snyder and Greenberg, 2010) .
The potential mechanisms for anti-metastatic effects from regional anaesthesia are either direct or indirect. Direct effects could include the interference of local anaesthetics with tumour-promoting pathways (Votta-Velis et al., 2013) , direct toxic effects when used for local infiltration (Schlagenhauff et al., 2000) and changes in the epigenetic signature of tumour cells (Lirk et al., 2012) . Indirect effects could result from reduction of the perioperative stress response and the preservation of the immune response (Dong et al., 2012) . As many of these effects can be duplicated using i.v. local anaesthetics (Herroeder et al., 2007) , a new avenue of research will be the employment of systemic local anaesthetics in the perioperative period of tumour surgery. Notably, local anaesthetics, at clinically relevant doses, demethylate DNA in breast cancer cells in vitro, opening up the possibility that epigenetic mechanisms could potentially explain why some anaesthetic techniques may have an anti-metastatic effect.
In conclusion, there is limited evidence suggesting that perioperative interventions may influence the recurrence of cancer after surgery. Epigenetics has been suggested as one potential pathway of interest.
Future directions
Research is needed to define whether perioperative surgical and anaesthetic interventions have the potential to alter epigenetic signatures and thereby potentially influence longterm patient outcome. In particular, despite the involvement of pain pathways, the 'epigenetic potentials' of widely used opiates, of NMDA antagonists and of non-opioid pain medications are unknown. In line with corresponding genetic research, epigenetic factors that render individual patients susceptible to development of chronic pain should be identified, and the concept of pain vulnerability (Denk et al., 2014) should be further developed and refined. The ultimate aim would be to predict, based on the type of intervention (Kehlet et al., 2006) , patient history (Kalkman et al., 2003) and genetic and epigenetic factors (Denk et al., 2014) , which patients are at risk of experiencing acute and chronic pain, and to tailor the anaesthetic and surgical plan accordingly, allocating analgesic resources to patients who need it most. For example, this may influence the choice of administering regional anaesthesia or multimodal analgesia, or both (Lirk and Hollmann, 2013) .
Epigenetic factors in the perioperative period are only beginning to be understood and have major therapeutic and diagnostic potential.
